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ABSTRACT 
 
The cold-shock response in Escherichia coli induces a set of 26 proteins that help 
ensure the efficiency of transcription, translation, and DNA replication at low 
temperatures.  Some members of this group belong to the cold-shock protein (Csp) 
family. In Escherichia coli K12, there are 9 homologous csp genes named cspA-cspI.  
The Csp family in this strain is unusual because each gene has different mechanisms of 
induction and gene products.  Various regulation studies have been performed on 
individual members of this family to help understand why so many homologues exist.  
No literature to date has ever looked at the mRNA expression patterns of all 9 csp genes 
simultaneously. This study used quantitative RT-PCR to establish normal csp mRNA 
expression patterns at different stages of growth.  I found under normal conditions, the 
mRNA accumulation patterns of csp gene pairs (A/B, G/I, C/E, and F/H) were most 
similar to each other.  
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I. INTRODUCTION 
 
Temperature plays an important role in the viability of all living organisms.  
Growth will halt at either too high or too low of a temperature (33).  Deviation from the- 
normal physico-chemical range can lead to a compromised physiological state.  For 
example, cells would have to overcome problems with membrane fluidity, reduced 
enzymatic activity, inefficient biochemical reactions, and inhibited ribosomal translation 
(12). Therefore, strategies to combat sudden and extreme changes in temperature, while 
concurrently facilitating survival and growth, have been adopted across the three 
domains.   
                              
Figure 1.  Phylogenetic tree of the 3 domains of life. 
(http://evolution.berkeley.edu/evolibrary/article/evo_01). 
 
Historically, the upper growth limit for Eukaryota was thought to range from 55-
62°C and reachable only by select Protozoa, Fungi, and Algae (33).  However, more 
recent discoveries refute this claim.  Alvinella pompejana, a hydrothermal vent 
polychaete annelid, is considered to be the most thermal tolerant eukaryote currently 
described (6, 7).  This “Pompeii worm” inhabits deep-sea hydrothermal vent chimneys 
that can reach 80°C (7).  Whether members of Eukaryota can be true hyperthermophiles, 
surviving at temperatures well over 80°C, is debatable.  Central issues to the debate 
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revolve around the efficiency of their molecular adaptations to thermophily.  Eukaroyotes 
must change cellular membrane composition to retain fluidity, ensure enzymes and 
proteins will be thermostable (33), ensure post-transcription modification can occur, and 
protect mRNA from hydrolysis when it is being exported to the ribosome.  To avoid 
DNA degradation at temperatures above 90°C, a hyperthermophilic eukaryote would 
require the presence of a reverse gyrase.  This protein is specific and common to all 
hyperthermophiles.  It acts by introducing positive super-coiling and preventing the 
aggregation of denatured DNA (29). 
Some eukaryotic microorganisms, such as diatoms and snow algae 
(Chlamydomonas nivalis), have adapted to life at low growing temperatures (33). As with 
thermophilic and hyperthermophilic systems, psyscrophilic and psychrotolerant 
organisms must substantially modify their membrane lipid or fatty acid composition in 
order to retain fluidity.  Membrane lipids are enriched in unsaturated fatty acids which 
maintain integrity and function (33).  The antarctic nematode Panagrolaimus davidi is 
the only known member of Eukaryota in which body water freezing is not lethal (53). P. 
davidi avoids freezing by supercooling in the absence of water, and freezing of the body 
is seeded by exogenous ice nucleation across the cuticle in the presence of water (53).  
Many Archaea are considered to be extremophiles (8).  They persist under 
conditions that would normally kill other life forms.    For example, Archaea have been 
discovered in regions of high salinity, high pressure, and at both extremes of the 
temperature continuum.  Members of the genera Pyrodictium have an optimal 
temperature range of 80-105°C (42, 50).  This hyperthermophilic Archaea resides in 
deep-sea vents which reach temperatures of 300-400°C.  Post-transcriptional 
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modifications such as ribose and base methylation  help this group withstand 
temperatures of over 100°C (50).  At the other end of the spectrum, there are organisms 
that can be found in a wide range of cold-environments. Psychrophilic Archaea 
contribute to global energy cycles by processing organic and inorganic carbon and 
nitrogen compounds (8).  Since approximately 75% of the Earth is cold (8), whether in 
frozen ice or cold ocean depths, these microorganisms have a strong ecological impact 
based on their aptitude to optimally perform biochemical reactions at low temperatures. 
By far, the response to temperature changes have been the most studied in 
representatives from the domain Bacteria.  In particular, heterotrophic bacteria have 
developed a variety of mechanisms that continually evaluate not only temperature, but 
other environmental changes such as salinity, nutritional availability, and pH.  Constant 
monitoring may identify factors that can adversely affect, or even maximize the benefit 
to, the bacterium.   
Temperature change is a stressor that induces the expression of specific protein 
families that work to restore normal physiological parameters within the cell. These 
protein families make vital cellular processes still permissible after a shift occurs.  Within 
a “normal” temperature range of 23 to 37°C, many cellular proteins in the mesophile 
Escherichia coli remain at a constant steady-state level (57).  Of 111 proteins measured, 
only two changed 4-fold (24). Eighty-three proteins present in the normal temperature 
range changed 1.6-fold or less and the remaining 26 proteins changed 1.2 fold at the 
maximum (24). Small temperature changes are marked by transient fluxes of select 
cellular proteins.   
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At extreme temperatures, relative amounts of proteins can vary dramatically.  If 
the temperature is raised above 40°C or below 20°C then growth rates will progressively 
decrease, eventually stopping at the maximum 49°C or minimum 8°C.  The majority of 
the key proteins involved in the heat shock response have been elucidated (28).  The well 
characterized heat shock response in E. coli confirms the upregulation of approximately 
two dozen proteins when the temperature is shifted from 28 or 30 to 42°C (17, 28).  The 
same heat shock proteins have been found to function as chaperones and proteases in 
both prokaryotes and eukaryotes (1).  
E. coli also responds with a change in gene expression to low temperatures (28). 
Cold-shock in E. coli is defined as a decrease in growing temperature of 13°C or more. 
Bacteria stop proliferating upon a rapid decrease in temperature below 20°C (24).  In 
addition, they demonstrate significant changes in protein expression profiles (12).  Even 
with this newfound knowledge, fewer studies have been performed on these cold-induced 
proteins.  Consequently, less is known about the analogous cold-shock response than the 
heat-shock response in E. coli. 
A. The cold-shock response in E. coli 
 The cold-shock response in E. coli is divided into two phases.  Initially, there is a 
lag in growth, also called the acclimation period.  This normally lasts approximately 4 
hours (28).  After the acclimation period, the resumptive phase commences and 
exponential growth resumes.  During this time, cold-induced protein expression declines 
and cellular proteins reach a new lower steady-state.     
Between 0 and 30 minutes after a sudden shift in temperature from 37 to 10°C, 
the expression of most cellular proteins is inhibited (28).  These results were assessed 
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qualitatively from the appearance of polypeptide spots on autoradiograms of two-
dimensional polyacrylamide gels before and after cold-shock. No quantitative or 
statistical methods were applied.  One hundred twenty to one hundred eighty minutes 
after the decrease in temperature, the expression of 13 proteins were verified (28).   
B. Cold-inducible proteins versus cold-shock proteins in E. coli 
Initially, Jones et al. (1987) reported the “cold-shock response” was characterized 
by 13 cold-inducible proteins that accumulated to a maximal level.  At the time, only 5 
were identified and the other 8 were unknown.  Over the past decade and a half, the total 
number of genes induced during the cold-shock response has increased to 26 (Table 1); 
(22).  Gene products that interact with some form of DNA or RNA are shown in red.  The 
proteins highlighted in blue are involved in transcription and translation.  Biochemical 
cellular processes and their responsible proteins are depicted by green.  This includes 
aspects of protein folding and participation in biochemical pathways.  The five cold-
inducible proteins marked by an asterisk correspond to cold-inducible gene products 
originally identified by Jones (28). 
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 Table 1: The 26 cold-inducible proteins and their functions 
Function Gene Product 
Nucleic acid binding CspA, CspB, CspE, (CspG, CspI) 
RNA helicase DeaD 
DNA-binding DnaA, GyrA 
Nucleoid protein HNS, Huβ 
3´-5´ Exonuclease *PNPase 
Transcription elongation *NusA 
Ribosome binding and/or assembly Trigger Factor, RbfA 
Translation Initiation & inhibitor IF1, IF2, IF3, pγ 
DnaK & DnaJ homologues Hsc66, HscB 
Homologous Recombination *RecA 
Trehalose phosphate synthase & phosphatase OtsA, OtsB 
Pyruvate Dehydrogenase *AceE, *AceF 
Unknown Ves  
* Cold-induced gene products characterized by Jones (28). 
Cold-shock proteins (Csp) are small nucleic acid-binding proteins often assigned the 
general role of nascent RNA chaperone, however, some evidence suggests they can bind 
DNA as well (51).  A more thorough inspection of this group will be discussed below.  
DeaD is a helicase that participates in large ribosomal subunit assembly at colder 
temperatures (9).  The replication initiation capacity of DnaA and the ability of gyrase to 
relax positive supercoiling aids during DNA replication at lower temperatures.  HNS and 
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HU function similarly to histone proteins in eukaryotes.  As hypothesized, these proteins 
are induced to help condense the DNA (11, 47).  PNPase degrades single-stranded RNA, 
which is beneficial in the advent of aberrant mRNA production at low temperatures.  In 
general, NusA, Trigger factor, RbfA, IF1, IF2, IF3, and pγ work together so the cell can 
complete transcription and translation (22).  A drop in temperature may be energetically 
unfavorable for many biochemical reactions.  Hsc66, HscB, RecA, OtsA, OtsB, AceE, 
and AceF help to ensure enzymatic activity and proper tertiary and quaternary protein 
structures result (22).  Proteins induced during heat shock in E. coli function to degrade 
proteins or help them fold properly.  By contrast, the proteins involved during cold-shock 
help ensure the efficiency of transcription, translation, and DNA replication at low 
temperatures. Translation initiation is a limiting factor for the growth of bacteria at low 
temperatures so proteins involved with this process tend to be synthesized (19).    
C. Structural and molecular properties of cold-shock proteins (Csp) 
As mentioned earlier, the Csp proteins are induced upon temperature downshifts.  
However, these proteins are not exclusive to E. coli and its cold shock response.  Csp 
proteins are widespread amongst prokaryotes as well.  Species that possess these proteins 
tend to contain multiple copies.  For example, Lactobacillus plantarum contains three csp 
genes (cspL, cspP, and cspC); (10) and Myxococcus xanthus has five (cspA-cspE); (61).  
Csps are part of a large group of structurally related nucleic acid-binding proteins.  
These members bind pyrimidine-rich single-stranded DNA (ssDNA) and single-stranded 
RNA (ssRNA) (12, 27, 40). Csp proteins have been shown experimentally to bind 
double-stranded DNA (dsDNA); (12).  Some Csp proteins exist as monomers in solution 
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and others exist as dimers.  Those that exist as monomers tend to bind cooperatively and 
those that dimerize in solution bind noncooperatively (12).   
Csp proteins are usually 69 – 75 amino acids in length and contain five 
antiparallel β-strands that form a β-barrel (Fig. 2); (12, 49).  The β-barrel structure 
contains two RNA-binding motifs on the β2 and β3 strands named RNP1 and RNP2 (31, 
51).  The loop between β3 and β4 exhibits flexibility which contributes to ssDNA and 
RNA binding (51). 
  A.     B.     C. 
    
                CspA (E. coli)                        CspB (B. subtilis)                       CspB (B. caldolyticus) 
Figure 2.   Ribbon diagrams of Csp models based on X-ray diffraction analysis.  The corresponding RCSB 
Protein Databank IDs are (A) IMJC (B) 1CSP and (C) 1HZA (www.rcsb.org/pdb). 
 
The Csp amino acid sequence can exist as a domain when embedded in some 
eukaryotic proteins.  In this configuration, the Csp sequence is called a cold shock 
domain (CSD).  The cold-shock domain proteins are some of the most evolutionarily 
conserved protein families (18).  It has been hypothesized that the domain of this 
superfamily  is of ancient origin and occurred before eukaryotes and prokaryotes 
diverged (21).  The CSD functions to facilitate ssRNA, ssDNA, or dsDNA 
recognition/binding in order to regulate a variety of molecular processes.  Organisms that 
 8
lack CSD proteins have RNA-binding proteins, which also function in a broad range of 
transcription and translational regulation events (31).  Convergent evolution is the  
suspected causative agent that allows for similar RN1 and RN2 motifs in the two 
unrelated protein families (21). 
D. Csp homologues in Escherichia coli K12 
There are nine homologous csp genes in E. coli K12 designated cspA – cspI    
(Fig. 3).  Genes are dispersed throughout the genome.  The csp genes are monocistronic 
and not part of an operon.  The cspE gene is an exception because there is an open 
reading frame following this gene (45).  A transposition event is thought to have occurred 
along the evolutionary lineage of these genes.  Hypothetically, cspA could have inserted 
itself between cspH and cspG.  Then, this unit of three genes could have duplicated and 
transposed to the adjacent region on the chromosome, giving rise to locus B, I, and F 
(Fig. 3).  This is suspected because there are remnants of transposons around the B, I, and 
F cluster and because of the high degree of similarity between cspA/B, cspG/I, and 
cspF/H. The cspA gene is closer to the origin of replication and cspB - cspI tend to occur 
near  the termination site at 34 minutes (58).   
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Figure 3.  The relative chromosomal map positioning of each csp gene in E. coli K12 
 
Csp proteins share strong sequence similarity across the entire length of the 
protein (Fig. 4); (51).  The most conserved regions are in the beta strands, preserving the 
structural integrity of the proteins.  The most variable part of the proteins is in the loop 
region between beta strands four and five.  The additional amino acids at either the amino 
terminus or carboxy terminus have, in some cases, been implicated to have functional 
consequences (58).  Some, but not all of the Csp proteins can form dimers.  Dimerization 
is impeded by too many amino acids on the amino terminus before the start of the first 
beta strand (58). 
 
 
0/100 cspE 
  14.1 
cspD 
 19.9  cspA 
  80.1 cspH 
cspG 
 20.6 
cspI 
cspB 
cspF 
 35.3 
cspC 
 41.0
 10
Csp      
A  MSGKMTGIVKWFNADKGFGFITPDDGSKDVFVHFSAIQNDGYKSLDEGQKVSFTIESGAKGPAAGNVTSL 
B  MSNKMTGLVKWFNADKGFGFISPVDGSKDVFVHFSAIQNDNYRTLFEGQKVTFSIESGAKGPAAANVIITD 
C   MAKIKGQVKWFNESKGFGFITPADGSKDVFVHFSAIQGNGFKTLAEGQNVEFEIQDGQKGPAAVNVTAI 
D     MEKGTVKWFNNAKGFGFICPEGGGEDIFAHYSTIQMDGYRTLKAGQSVQFDVHQGPKGNHASVIVPVEVEAAVA 
E   MSKIKGNVKWFNESKGFGFITPEDGSKDVFVHFSAIQTNGFKTLAEGQRVEFEITNGAKGPSAANVIAL 
F      MTGIVKTFDGKSGKGLITPSDGRIDVQLHVSALNLRDAEEITTGLRVEFCRINGLRGPSAANVYLS 
G  MSNKMTGLVKWFNADKGFGFITPDDGSKDVFVHFTAIQSNEFRTLNENQKVEFSIEQGQRGPAAANVVTL 
H      MTGIVKTFDRKSGKGFIIPSDGRKEVQVHISAFTPRDAEVLIPGLRVEFCRVNGLRGPTAANVYLS 
I  MSNKMTGLVKWFNPEKGFGFITPKDGSKDVFVHFSAIQSNDFKTLTENQEVEFGIENGPKGPAAVHVVAL 
 
Figure 4.  Amino acid sequence alignment of CspA-CspI. Residues conserved in all the proteins are 
colored blue.  Orange and red colored residues signify only 2 residues are found in that particular position 
of the 9 Csps.  Black residues indicate positions where different amino acids are found in all Csp proteins. 
 
 
Csp proteins group into pairs based on amino acid identities and similarities 
(Table 2).  Four homologue pairs result (A/B, G/I, C/E, F/H) with CspD not having a 
partner.  These pairs tend to have the same suspected function and mode of induction in 
the cell and may be able to compensate for the other if one of them is absent.   
 
Table 2: Csp Protein Pairs 
 
Csp Homologues 
 
Amino Acid % Identity
 
Amino Acid % Similarity 
CspA/CspB 80 % 84 % 
CspG/CspI 79 % 90 % 
CspC/CspE 83 % 91 % 
CspD None None 
CspF/cspH 76 % 87 % 
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When comparing the entire family, the A/B and G/I pairs are most closely related 
and CspD is least related (Fig. 5).  The csp transposition-duplication mechanism could 
explain the strong amino acid identities between CspA and CspB, CspG and CspI, and 
CspF and CspH. 
              
                
 
A 
 
B 
 
G 
 
 I 
D 
C 
E 
F 
H 
Figure 5.  Spatial representation of the relatedness between Csp proteins.  Percent identity and percent 
similarity of amino acid sequences show the Csp proteins group into pairs.  Based on this analysis, the 
CspA/B and CspG/I pairs are most closely related.  The CspC/E and CspF/H pairs are less related.  CspD is 
the least related protein. 
 
 
1. CspA and CspB 
CspA was the first characterized cold-shock protein and is often called the 
“major” cold-shock protein.  Initially, it was thought this protein was not present at 37°C.  
However, later research proved cspA was actively transcribed at 37°C but its mRNA was 
extremely unstable (60).  Cells grown at 37°C and then reduced to a temperature of 10 or 
15°C, showed an increase of 10-13% of the total protein synthesized due to an increase in 
the mRNA stability (17, 60).  CspA induction after cold-shock has been shown to vary 
according to stage of growth.  The range is from a 2-fold minimum to a 30-fold 
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maximum (4).  CspA is induced by a nutritional upshift, also.  However, when induced in 
this manner CspA levels were increased only one-sixth of the amount  when induced by 
cold-shock (60).  The study a nutritional upshift was the effect caused by the addition of 
fresh LB medium to 24 hour conditioned medium or glucose to carbon source starved 
cells.  
CspA is thought to have a variety of functions.  One major role is as an RNA 
chaperone protein (51). RNA chaperones are necessary for bacteria at low temperatures 
to aid in the reduction of nucleic acid secondary structures that could inhibit translation.  
In vitro, CspA has been shown to bind RNA with low affinity and little sequence 
specificity (12).  The high aromatic amino acid content is required for the RNA binding 
role of CspA (58).  Intercalation of the RNA or DNA bases by aromatic side-chains 
stabilizes the interaction (27).  CspA may regulate other cold-inducible genes by 
functioning as a repressor when binding through the cold box.  cspA and cspB both 
contain a common 11 base pair sequence called the cold-box (5´-CTGATTGGCCA-3´) 
(30).  The cold-box’s proposed function is that of a repressor binding site, consequently it 
is used for regulating genes at the level of transcription (13).  Overexpression of mRNA 
sequences containing the cold box caused prolonged synthesis of cold-inducible proteins.  
When CspA is subsequently overproduced normal expression patterns resumed (58).  
Finally, CspA is thought to act as a transcription antiterminator (2).  CspA expression 
itself is regulated at the transcription and translational level and  by mRNA stability (60). 
CspB is a protein that shares 80% similarity with CspA (Table 2).  CspB in E. coli 
binds more selectively to ssDNA and RNA than dsDNA, thus suggesting a possible 
overlapping function with CspA (12).  However, in vivo, roles for CspB in E. coli have 
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yet to be determined.  It has been hypothesized that CspB is a DNA chaperone (58).  
Deletions of CspB in B. subtilis have been linked to cell lysis (12). 
2. CspG and CspI 
cspG was the seventh csp gene identified (34).  Even though no biological 
function has been ascertained for the protein, it is known that CspG is induced 7x by cold 
shock (34).  CspG, similarly to CspB, is suspected to function as DNA chaperones to help 
maintain open complex formation and aid in DNA replication under low temperatures 
(58).  CspI is the last Csp homologue found in E. coli and similarly has no known cellular 
function (52). It has also been shown to be induced by cold shock. 
3. CspC and CspE.  
Some cold-shock proteins are involved with other important cellular processes 
besides cold adaptation.  At 37°C, cspC and cspE are constitutively expressed (12, 41).  
Constitutive expression suggests cspC and cspE are involved some cellular process that 
needs to be readily available the majority of the time. Based on in vivo experiments, 
CspC and CspE have been implicated in condensation of the E. coli chromosome (2). 
When cspC and cspE are expressed from a multicopy plasmid, they are able to suppress a 
deletion of mukB, a chromosomal partitioning protein (63).  Overexpression of cspC and 
cspE reverses the inability to grow at 30°C and anucleate cell phenotypes of the mukB 
deletion (62).  Further experiments showed CspE did not act by increasing the 
transcription of mukB (62).  Later research investigated cspE suppression of mukB and 
resistance to camphor (25). Camphor vapors can lead to death in many organisms.  
Mutants that increase their DNA content can remain viable.  Theoretically, increased 
DNA content leads to more copies of genes necessary for resistance.  In the presence of 
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camphor or a deletion of mukB, the E. coli chromosome decondenses (25).  
Overproduction of cspE, along with the genes on either side of cspE (crcA and crcB), 
leads to a recondensed chromosome.  These three genes are responsible for both camphor 
resistance and mukB suppression in E. coli (25). The current proposed mechanism 
suggests CspE stabilizes supercoiled DNA which prevents nucleoids from decondensing 
and facilitates the retention of a compacted state (49).  
 cspC and cspE regulation has been studied using lacZ fusions.  A cspC-lacZ gene 
fusion reported moderate expression under normal conditions at approximately 424 units 
of β-galactosidase, and no increase in expression after cold-shock (40). The cspE gene, 
the only csp that is part of an operon, shows a 50% increase in β-galactosidase activity 
from a cspE- lacZ gene fusion during the lag and early log phases of growth (2). 
CspE has been found to regulate several genes.  Overexpression of CspE at 37°C 
induced transcription of several genes in the metY and rpsO operons (3).  Derepression of 
promoter-distal genes nusA, infB, rbfA, and pnp is observed and  expression increases (3).  
Using a ∆cspE strain, two-dimensional protein gel analysis revealed the synthesis of 
UspA (universal stress protein A) decreased (2).  This suggests when CspE is present in 
the cell it normally increases the production of UspA protein.   CspE can negatively 
regulate genes.  The addition of purified CspE to a cell-free system lacking endogenous 
CspE resulted in cspA repression (2).   
CspE is also thought to be involved with transcription regulation.  CspE interferes 
with Q-mediated transcription antitermination and decreases transcription termination at 
several intrinsic terminators by targeting the secondary structure of RNA (41). 
Photocrosslinking experiments demonstrate CspE was heavily cross-linked to RNA from 
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the λ PR΄ promoter (23).  This region is modified by the Q antitermination protein.  A 
His32 mutation within RNP2 of CspE leads to the abolishment of antitermination both in 
vivo and in vitro (41) The mutation does not affect the RNA-binding activity of CspE but 
it abolishes the nucleic acid melting activity of the protein.  Overexpression of this 
mutant cannot complement a ∆cspA ∆cspB ∆cspG ∆cspE cold-sensitive mutant as wild-
type cspE normally would.  Upregulation of the stress response gene rpoS was seen as a 
consequence.  Inactivation of cspE leads to a dramatic overproduction of CspA (2).  
Derepression of the cspA gene does not occur at the promoter so another mechanism is 
causing the regulation.  It has been suggested that even at 37°C CspE is a repressor of 
CspA  (2). 
4. CspD 
CspD exists exclusively as a dimer in solution and binds RNA and ssDNA in a dose-
dependent fashion (64). Comparative studies of CspA and CspD-GFP tagged proteins in 
E. coli were carried out in an attempt to better understand their cellular localizations (15).  
These proteins are induced by different stressors and display differential expression 
during cell growth.  cspD is induced by nutritional starvation and expressed at the 
beginning of stationary phase.  CspD was shown to co-localize with H-NS, an abundant 
DNA-binding protein found in the nucleoid (15).  Other studies show the overproduction 
of CspD leads to cellular morphologies typical of DNA replication mutants and 
eventually result in death.  CspD inhibits the initiation and elongation of 
minichromosomal DNA replication in vitro (64). Electron microscopy reveals CspD 
tightly packed around ssDNA (15).  Based on this evidence, current theory suggests 
 16
CspD binds ssDNA and function as a replication inhibitor and/or helps to condense the 
chromosome. 
5. CspF and CspH 
cspF and cspH nucleotide sequences have been identified in the E. coli K12 
genome, however, no gene product has been seen thus far.  Likewise, regulation of the 
two genes has not been investigated. 
Interestingly, the nine homologous cold-shock proteins in E. coli K12 have 
similar sequences but possess different mechanisms of induction.  Contrary to their name, 
only CspA, CspB, CspG and CspI in E. coli K12 are cold-shock inducible (41, 49).  cspC 
and cspE are constitutively expressed.   cspD is induced during the stationary phase and 
upon nutritional starvation (59, 64).  The mechanism of induction for cspF and cspH 
remains unknown.  
Some biochemical functions of the Csp homologues are known but the specific 
physiological functions remain speculative. Normally in E. coli, duplicated genes have 
nearly identical sequences and functions.  For example, there are two tuf genes for the 
elongation factor EF-Tu (58).  The Csp family is unusual in this regard because they have 
different mechanisms of induction and gene products, even though they are all small 
nucleic acid binding proteins.  
E. Csp homologues in Bacillus subtilis 
 Homologues to E. coli Csp proteins have been identified in other eubacteria (19, 
20) but the most detailed cold-shock research has been performed on E. coli and B. 
subtilis.   B. subtilis possesses three homologous csp genes.  The structures of CspA in E. 
coli and CspB in Bacillus subtilis have similar basic and aromatic residues that are 
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important for single-stranded DNA binding (Fig. 2).   B. subtilis has a cold shock 
response that is similar, but not identical, to that seen in E. coli.  After decreasing the 
growing temperature from 37°C to 13°C or lower growth continued without a lag period, 
however, the doubling time decreased (19).  All three homologous csp genes (cspB, cspC, 
and cspD) in B. subtilis are cold-shock inducible.    
F. Research initiatives and experimental rationale  
 
The csp gene products are considered to be essential for the bacteria that possess 
them. This suggests at least one Csp is required for the cell to maintain viability.  
Chromosomal deletion studies in B.  subtilis show loss of any 1 of the 3 csp genes results 
in the upregulation of the others (20).  Removal of all 3 csp genes is a lethal event.  
 Single and double deletions of any cold-shock inducible csp gene in E. coli have 
no effect on growth at lower temperatures (56).  It has been demonstrated that triple 
deletion mutants (∆cspABG) display elevated amounts of CspE after cold-shock (39, 41).  
Quadruple deletion mutants (∆cspABGE) exhibit cold sensitivity.  Overexpression of any 
one of the Csp homologues, except cspD, complements the deleted genes (39).  Another 
interesting facet to this system is the ability for the cold-sensitive phenotype in E. coli to 
be rescued by Csps from other species.  CspB and CspL from the thermophilic bacterium 
Thermotoga maritime were able to perform essential functions of E. coli CspE both in 
vivo and in vitro (38).  This research suggests it may be possible for the 9 members of the 
cold-shock family to functionally substitute for one another.   This poses intriguing 
questions about normal expression patterns and issues of gene regulation within this 
family.  
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Previous regulation studies have used various assays to examine the expression of 
the csp family.  From a biochemical perspective, two-dimensional protein gels have been 
used (CspA); (60, 64).  The Csp proteins are not very antigenic and, as such, no 
antibodies against a Csp protein has been generated in four tries (N. Trun, personal 
communication.). Since the csp gene products are so similar in amino acid sequence, it is 
hard to develop antibodies that are specific for each protein.  From a genetic standpoint, 
lacZ reporter constructs have been used to investigate csp gene expression, induction, and 
regulation (cspB,C,D,E,G,I); (34, 52, 59). Wide-scale functional genomic approaches, 
such as DNA microarrays, have been used as well for gene expression analysis (cspA-
cspI); (46).  Functional genomic research tends to evaluate amounts of transcript based on 
the assumption any changes will reflect cellular growth and survival decisions.  However, 
these studies look at every gene in the E. coli K-12 genome.  No literature to date has 
ever looked at the expression patterns of all csp genes simultaneously.  This study 
focused on determining how much mRNA was accumulated under differing conditions 
from each gene using quantitative RT-PCR (qRT-PCR). 
G. Specific aims 
 
Aim 1: To design and test primer pairs that specifically bind to cspA – cspI  cDNA. 
Aim 2: To successfully isolate total RNA from a wild-type bacterial strain, convert the 
mRNA to cDNA, and perform quantitative PCR.   
Aim 3: To determine normal accumulation patterns for each csp mRNA during the lag, 
log, and stationary phases along the Escherichia coli K-12 growth curve. 
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II. MATERIALS AND METHODS 
 
A. Bacterial strain 
All experiments were performed using E. coli K-12 strain MG1655 [CGSC6300 (F- λ- 
ilvG- rfb-50 rph-1 )].  This strain was the source of chromosomal DNA template for all 
PCR reactions and the only source for RNA isolation.  Overnight cultures used during 
this study were inoculated from this strain exclusively.    
B. Culture media, growth curves, and viable cell counts 
 
Growth curves were established for cells grown in Luria-Bertani (LB) broth (44) and EZ 
Rich Defined Medium (EZ-RDM); 10% 10X MOPS mixture, 1% 0.132 M K2HPO4, 10% 
10X ACGU, 20% 5X Supplement EZ, 58% sterile H20, 1% 100X carbon source (36).  
Five-mL cultures were grown overnight in 16 x 150 mm disposable glass culture tubes 
with aeration at 37°C.   One hundred µL of overnight culture was then placed into 20-mL 
of Luria broth and EZ-RDM, respectively, followed by incubation in a shaking water 
bath at 37°C for the duration of 4.5 hours.  Growth was monitored spectrophotometrically 
at 600 nm every 30 minutes.  Simultaneously, viable cell counts were determined by 
removing 20 µL aliquots of subcultured cells over 30-minute increments and a 4.5 hour 
period.  Serial dilutions were immediately performed on aliquots and plated on LB agar 
in duplicate. 
C. RNA isolation and cDNA synthesis 
 
Three 5-mL E. coli MG1655 cultures in LB broth were each inoculated with a 
single colony from the same streak plate and allowed to grow overnight.  Each 
independent 5-mL overnight culture was placed into a 500-mL Erlenmeyer flask 
containing 150-mL of EZ-RDM and incubated at 37°C in a shaking water bath.  The 
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subcultures were then designated Subculture 2 (SC#2), Subculture 3 (SC#3), and 
Subculture 4 (SC#4).  Optical density readings at 600 nm were taken every 15 minutes 
over a 3 hour period for each subculture.  Total RNA was isolated at three time points 
(OD600 nm ≈ 0.1, 0.6-0.7, and 2.0) for SC#2, SC#3, and SC#4 based on growth curve 
determinations that correspond to the lag, log, and stationary phases of growth.  TRIzol 
Reagent® from Invitrogen Life Technologies (Carlsbad, California) was used to isolate 
total RNA according to the manufacturer’s instructions.  From all 9 time points, 10.0 mL 
of bacterial cells were harvested in a 50 mL polypropylene centrifuge tube and 
immediately centrifuged for 10 minutes at 12,000 x g.  The supernatant was removed and 
1 mL of TRIzol was added to resuspend the pellet.  The preparations were then 
transferred to a 2.0 mL microcentrifuge tube and placed on ice.  Once pellets from all 9 
time points were resuspended in TRIzol, the samples were taken off ice and incubated at 
room temperature for 5 minutes.  Chloroform (0.2 mL) was added and the tube was 
shaken vigorously by hand for 15 seconds.  The samples were incubated at room 
temperature for 3 minutes and centrifuged at no more than 12,000 x g for 15 minutes at 
4°C.  The tube was stratified with a colorless RNA containing aqueous layer on top, 
followed by a DNA containing interphase, and a red phenol-chloroform containing layer 
on bottom.  The aqueous phase was transferred to a new 2.0 mL microcentrifuge tube.  
To precipitate the RNA, 0.5 mL of isopropyl alcohol was added and allowed to sit for 10 
minutes at room temperature.  The tube was centrifuged at no more than 12,000 x g for 
10 minutes at 4°C.  Again the supernatant was removed and the RNA was washed using 
1.0 mL of Diethylpyrocarbonate (DEPC) -treated 75% ethanol.  After vortexing to mix 
thoroughly, the sample was centrifuged at 7,500 x g for 5 minutes at 4°C.  After this step 
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the supernatant was removed carefully.  The RNA pellet was dried for 10 minutes and re-
dissolved in 20 µL of DEPC-treated water by pipetting up and down.  The RNA was 
incubated at 55°C for 10 minutes to aid in dissolving.  DEPC-treated autoclaved 
Nanopure water at a concentration of 0.01% (v/v) was used to dilute 100% ethanol to 
75% ethanol.  Immediately following isolation, total RNA was treated with either DNase 
I, Amplification Grade (Invitrogen) or DNase I (RNase-Free) from New England Biolabs 
(Ipswich, MA).  If DNase I, Amplification Grade was used then 1 µg of RNA, 1 µL 10X 
DNase I Reaction Buffer, 1 µL DNase I, Amplification Grade (1 U/µL), and DEPC-
treated water up to a volume of 10 µL were added in a 0.5-mL microcentrifuge tube.  The 
tube was incubated for 15 minutes at room temperature.  The DNase I, Amplification 
Grade was inactivated by the addition of 1 µL of 25 mM DEPC-treated EDTA followed 
by heating for 10 minutes at 65°C.  A 0.5 M EDTA stock solution was produced using 
DEPC-treated water. If DNase I (RNase-Free) was used then 10 µg of total RNA was 
resuspended in 1X DNase I Reaction Buffer to a volume of 100 µL.  One µL of DNase I 
was added.  The contents of the tube were mixed thoroughly and incubated at 37°C for 10 
minutes.  1 µL of 0.5 M EDTA (a final concentration of 5 mM) was added to the tube 
followed by incubation at 75°C for 10 minutes to inactivate the DNase I (RNase-Free). 
DNaseI-treated total RNA was reverse transcribed into cDNA using SuperScriptTM 
III First-Strand Synthesis System for RT-PCR (Invitrogen) according to the 
manufacturer’s instructions.  A RNA/primer mixture was prepared by combining 5 µg of 
total RNA with 1 µL of 50 ng/µL random hexamers and 1 µL of 10 mM dNTP mix, then 
brought up to a volume of 10 µL with DEPC-treated water in a 0.5 mL tube.  The tube 
was incubated at 65°C for 5 minutes and placed on ice.  In a separate 0.5 mL tube, a 
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cDNA Synthesis Mix was prepared.  This mix contained 2 µL 10X RT buffer, 4 µL 25 
mM MgCl2, 2 µL 0.1 M DTT, 1 µL RNaseOUTTM (40 U/ µL) and 1 µL SuperScriptTM III 
RT (200 U/ µL).  A total of 10 µL of RNA/primer mixture was added to every 10 µL of 
cDNA Synthesis Mix.  The combined 20 µL reaction mix was incubated for 10 minutes 
at 25°C, followed by 50 minutes at 50°C.  Reactions were terminated at 85°C for 5 
minutes.  After incubating on ice for at least 1 minute, 1 µL RNaseH (Invitrogen and 
New England Biolabs) was added and incubated for 20 minutes at 37°C.  RNaseH was 
used to digest any remaining RNA after cDNA synthesis.  Only ART® pipet tips 
(Molecular BioProducts) were used when handling RNA and during cDNA synthesis.   
D. Quantitative PCR  
 
The RotorGene 2000 Real Time Cycler by Corbett Life Science (Sydney, Australia) was  
used to amplify and quantitate all cDNAs.  The total volume was 20 µL per reaction; 8 
µL of HotMasterMix (2.5x) by Eppendorf® (Westbury, NY), 1 µL 20 pM gene-specific 
forward and reverse primers (100-200 nM can be tolerated), 0.5 µL 1:1000 (vol/vol) 
SYBR Green I probe by Molecular Probes (Eugene, Orgeon), 0.4 µL cDNA (50 pg-200 
ng can be tolerated) and sterile Nanopure water up to the required volume.  All reactions 
were performed using the 36-well Rotor system and 0.2 mL flat cap tubes from Axygen 
(Union City, CA).  The quantitative PCR experimental design is as follows: positions 1-
16 contained 4 replicates each of rpoB lag, rpoB log, rpoB stationary, and rpoB no 
template control (NTC) reactions in the aforementioned order.  Positions 17-36 contained 
5 replicates each of the target csp lag, target csp log, target csp stationary, and target csp 
NTC reactions, respectively.  Using cDNA from SC#2, SC#3, and SC#4, two trials were 
performed for all 9 csp genes.  This results in a total of 54 runs and 1,944 individual 
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reactions.  Amplification was performed with 35 thermal cycles of 30 s at 94˚C, 20 s at 
45 or 50 ˚C, and 30 s at 65 ˚C.  Auto-Gain calibrations were performed before all 
experiments.  This calibration provides a baseline fluorescence level before the 
quantitative PCR experiment starts. 
E. csp and rpoB PCR primer design 
 
Oligonucleotides were purchased from Integrated DNA Technologies, Inc. (Coralville,  
Iowa).  Primer pairs were designed using Primer3 computer software to produce a 75-120  
bp fragment from each csp gene(43).  Forward and reverse primers  were compared to the  
NCBI sequence database using the nucleotide-nucleotide Basic Local Alignment Search  
Tool (35) and the TIGR Comprehensive Microbial Resource E. coli K-12 databases  
(48) to ensure the primers only hybridized to one specific mRNA.  All primer pairs were  
further tested for hetero- and homodimerization and secondary structure formation using  
IDT SciTools OligoAnalyzer 3.0 (26).  A standard PCR protocol was performed with  
each primer pair using chromosomal MG1655 DNA as a template.  Electrophoresis was  
performed using a 15% polyacrylamide gel to verify specificity of each primer pair.  Taq  
Polymerase by Stratagene (La Jolla, CA) was used for all primer testing.  The csp primers  
are shown in Table 3 and rpoB primers are shown in Table 6. 
F. REST 2005 Analysis 
 
Relative Expression Software Tool (REST) 2005 is a standalone software program  
 
derived from the original REST paper (37).  This software uses bootstrap randomization  
 
techniques to determine if relative gene expression in target samples is significantly  
 
different after normalization to a control gene. The password protected files can be  
 
downloaded at http://www.gene-quantification.info/. 
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G. Melt Curve Analysis  
 
RotorGene 2000 Real Time Cycler generated Melt Curve Reports were carried out for  
 
each trial to visualize the dissociation kinetics of amplified products.  SYBR Green I  
 
allows confirmation of specific amplicons by melt curve analysis and any contaminating  
 
DNA will appear as additional peaks separate from that of the desired amplicon (16).   
 
Since reproducibility of this assay has been demonstrated, characteristic melting  
 
temperatures for each csp amplicon eliminates the need for electrophoresis (16).  
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III. RESULTS 
 
A. Primer Optimization 
 
Primer pairs have been designed that specifically amplify cspA through cspI 
cDNA (Table 3).  Two sets of primers were designed for each csp gene, except cspH and 
cspI.  Primers for each gene were tested at three different annealing temperatures (40, 45, 
and 50°C).  Within each annealing temperature, primers were tested at different MgCl2 
salt concentrations (2, 3, and 4 mM).    
 
TABLE 3  csp Primer Sequences 
* Forward primers are denoted by boldfaced font. 
 
Gene Primer Pair Primer  Sequence (5´Æ3´) Amplicon size (bp) 
cspA cspA FB 
cspA RB 
CCGGTAAAATGACTGGTATCG 
GAGCCATCGTCAGGAGTGAT 
 
76 
cspA cspA FG 
cspA RB 
AATGGTTCAACGCTGACAAA 
GAGCCATCGTCAGGAGTGAT 
 
52 
cspB cspB FG 
cspB RB 
GTGCATTTTTCTGCGATTCA 
GCAGGACCTTTAGCACCACT 
 
95 
cspB cspB FR 
cspB RB 
GAACCTTATTTGAAGGTCAA 
GCAGGACCTTTAGCACCACT 
 
61 
cspC cspC FB 
cspC RB 
CCAGGGTAATGGCTTCAAAA 
GTTAACAGCTGCCGGACCTT 
 
88 
cspD cspD FR 
cspD RG 
GATGGATGGTTACAGAACGCT 
ACTGCCGCTTCTACTTCGAC 
 
114 
cspD cspD FG 
cspD RG 
TCCGTTCAGTTTGATGTCCA 
ACTGCCGCTTCTACTTCGAC 
 
80 
cspE cspE FB 
cspE RB 
GCAGCAAAGACGTGTTCGTA 
AACTCTACGCGCTGACCTTC 
 
82 
cspF cspF FG 
cspF RG 
AGGGTCTTATCACCCCATCC 
CCGGTGGTAATTTCTTCTGC 
 
91 
cspG cspG FG 
cspG FRR 
ACGTTTTCGTCCATTTCACC 
ACGTTGCCCCTGCTCAATAG 
 
94 
cspG cspG FG 
cspG NRR 
ACGTTTTCGTCCATTTCACC 
ATTCAACTTTCTGATTTTCG 
 
71 
cspH cspH FR 
cspH RR 
GGCAAAGGATTCATTATCCC 
TAAGCACTTCTGCGTCGCGG 
 
88 
cspI cspI FB 
cspI RB 
CTCAGCAATTCAGAGCAACG 
ACAGCGGCAGGACCTTTAG 
 
93 
PCR was performed using the primer pairs in Table 3 with chromosomal MG1655 
DNA as a template.  Ideal conditions were chosen based on the highest band intensity 
shown after polyacrylamide gel electrophoresis of the PCR reaction products and the 
ability of the primers to amplify a single product of the correct size (Fig. 6).  Four 
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experimental conditions routinely facilitated the most reaction product for the csp genes.  
Two experimental conditions (45°C and 3 mM MgCl2; 50°C and 2 mM MgCl2) allowed 
excellent amplification of products for the majority of the reactions.  The two outliers, 
from primer sets cspC FB and cspC RB, amplified the best at 40°C and 2 mM MgCl2 
while cspF FG and cspF RG amplified the best at 45°C and 2 mM MgCl2. 
  M   A         A        E          F        G         G        H          I        B     B    D      D   C 
 
 
                                    45°C and 3 mM MgCl2                               50°C and 3 mM MgCl2  
 
 
Figure 6. Afifteen percent polyacrylamide gel of successful PCR amplifications for each of the 9 csp genes 
of E. coli K12.  The name of each corresponding csp gene is located over the respective lane and the letter 
M above the first lane denotes marker.  Amplicon sizes correspond to the sizes given in Table 3 using csp 
specific primers and chromosomal MG1655 as a template. 
 
B. Internal Control Gene Selection and Validation 
 
Before performing quantitative reverse transcription PCR (qRT-PCR), an internal 
control had to be identified.  Straighforward comparison between RNAs that differ in 
abundance and the the control are necessary.  This is important because the amount of 
total RNA can vary according to isolation and preparation.  The co-amplified internal 
control is what allows for normalization between runs.  Initially, 15 control genes were 
selected based on their function in the cell.  I chose genes from several different cellular 
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processes to examine as potential controls. These processes include but are not limited to: 
transcription, translation, intermediary metabolism, nucleotide biosynthesis, membrane 
proteins and several genes that are induced in different parts of the growth cycle. Of the 
15, 13 were chosen on the premise the encoded proteins would be synthesized at fairly 
constant rate throughout the E. coli growth curve (Table 4).  Two were chosen based on 
their ability to serve as negative controls. These are the genes whose products are induced 
during particular growth phases. 
TABLE  4 Possible Internal Controls for the qRT-PCR Assay 
Gene Symbol Gene Name Cellular Function 
Eno Enolase Glycolysis/Gluconeogenesis 
pykA Pyruvate kinase Glycolysis 
gltA citrate synthase Citric acid/TCA/Krebs cycle 
rpoS RNA polymerase σ factor Transcription 
rpoB RNA polymerase β-subunit Transcription 
fusA Elongation factor G Translation 
rplB large subunit ribosomal protein L2 Translation 
rpsB small subunit ribosomal protein S2 Translation 
purA adenylosuccinate synthetase Nucleotide biosynthesis 
ompA major outer membrane protein A Membrane Integrity 
*dps decaprenyl diphosphate synthase Regulatory-Stress response 
*appY M5 polypeptide Regulatory-Growth phase 
cbpA curved DNA-binding protein Chaperone/folding 
cbpM modulator of CbpA co-chaperone Chaperone/folding 
fisA  DNA-binding 
* Potential negative controls. 
 
The Blattner Laboratory at the University of Madison-Wisconsin specializes in 
functional genomics. Forty-one Affymetrix GeneChip® Arrays were performed to 
quantify transcript copy numbers of every gene in the E. coli K12 genome at several 
stages of growth.  The data are furnished on-line for wild-type cells at a variety of  
physiological parameters.  After consulting the Blattner database, only three of the genes  
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chosen had relatively constant expression along the growth curve (Table 5, 
http://www.genome.wisc.edu/functional/microarray.htm). 
TABLE 5   Affymetrix GeneChip® Array Control Transcript Copy Numbers* 
 
Control Gene Lag Phase Log Phase Stationary Phase 
rpoB 12.57 12.95 10.33 
purA 4.81 2.98 5.28 
ompA 31.79 38.77 32.01 
eno 20.27 12.41 17.01 
pykA 2.32 3.02 1.93 
gltA 14.58 19.82 9.95 
rpoS 9.34 31.5 10.54 
fusA 36.15 46.62 39.07 
rplB 23.76 19.78 16.57 
rpsB 13.92 22.24 27.06 
dps 4.1 19.11 5.23 
appY 0.07 0.07 0.09 
cbpA 1.49 2.1 1.65 
cbpM 0.55 0.63 0.46 
fisA 11.86 1.7 13.05 
* http://www.genome.wisc.edu/functional/microarray.htm 
Primer pairs were designed for the rpoB, purA, and ompA genes (Table 6). The 
control primer pairs were subjected to the same testing conditions as the csp primer pairs  
using chromosomal MG1655 DNA as a template. 
TABLE 6 Control Primer Sequence 
 
Gene Primer Pair Primer  Sequence (5´Æ3´) Amplicon size 
(bp) 
rpoB rpoB Forward 
rpoB Reverse 
GTAAGGCACAGTTCGGTGGT 
ATTTCCTGCAGGGTGTATGC 
 
88 
purA purA Forward 
purA Reverse 
GTATCGGGCCTGCTTATGAA 
GCGAAGGTTTCTTTGTCGAA 
 
79 
ompA ompA  Forward 
ompA  Reverse 
TGAGTACGCGATCACTCCTG 
GTAGGAAACACCCAGGCTCA 
 
124 
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All three primer pairs amplified best at 50°C and 3 or 4 mM MgCl2.  Since 
variation can result due to different sensitivity and detection limits of different assays, 
control mRNA accumulation was validated using quantitative PCR to confirm results 
given by the Blattner Laboratory Affymetrix GeneChip® Arrays.  qRT-PCR was 
performed using each of the 3 control primer pairs (Table 6) and cDNA was synthesized 
from the lag, early log, late log, and stationary phases of growth.  Overlapping 
amplification curves means gene expression is relatively constant across the growth 
curve.  After performing quantitative PCR, rpoB was selected as the most suitable 
internal control because it was the only gene with closely overlapping amplification 
curves.   
 
rpoB 
purA 
ompA 
Figure 7.  A graph of quantitative PCR products to assay the suitability of internal controls.  Quantitative 
PCR with cDNA as template from the lag, early log, late log, and stationary phases of growth were used.  
rpoB amplification curves are in red, purA in green, and ompA is shown in blue. 
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As depicted in Figure 7, rpoB produced consistent results from cDNA obtained at 
different points along the growth curve.  It was clear ompA and purA expression varied in 
accordance to time of mRNA isolation.  The agreement between microarray and qRT- 
PCR data encouraged me to use rpoB as the internal control for normalization.  
C. Growth in EZ-RDM and Bacterial RNA Isolation  
All cultures were grown in EZ-RDM, a MOPS based medium, before isolation of 
mRNA.  When formulating a synthetic medium, finding a suitable buffer is of critical 
importance.  MOPS is an organic buffer that supports growth to high cell densities 
without toxicity, unlike Tris based buffers (36).  EZ-RDM has well defined carbon and 
energy sources, in addition to known macronutrient, micronutrient, and salt 
concentrations.  This medium was specifically selected as a growth medium because it 
was both defined and reproducible.  Reportedly, it furnishes more reproducible mRNA 
accumulation and less fluctuation from culture to culture, as opposed to RNA isolated 
from cells grown in LB broth (http://www.genome.wisc.edu/resources/strains.htm)  
Using the wild type strain MG1655, growth curves and viable cell counts were 
performed on bacteria grown in EZ-RDM.  Growth rates were similar to those obtained 
when E. coli cells were grown in LB broth.  Total RNA was isolated from the lag, log, 
and stationary phases of growth from three separate overnight cultures designated SC#2, 
SC#3, and SC#4 (Fig. 8).  
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Figure 8.  The growth curves from three independent wild-type MG1655 cultures grown in EZ-RDM at 
37°C.  RNA was isolated from each culture during the lag (≈0.1), log (≈0.6-0.7), and stationary (≈2.0) 
phases of growth. 
 
After cells were harvested, RNA was extracted using Trizol reagent.  Only aerosol 
resistant tips and DEPC-treated water and reagents were used during the RNA isolation 
step.  This minimized introduction of contaminants and RNAses to the isolated samples. 
Since bacterial mRNAs have short half-lives, immediate conversion of RNA to cDNA 
was important to help prevent loss of transcript.  Total RNA was reverse transcribed to 
cDNA using a SuperScriptTM III First-Strand Synthesis System for RT-PCR.  The csp 
gene specific primer pairs allowed for easy determination of particular transcripts during 
qRT-PCR.   
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D. REST 2005 Analysis 
Recognizing trends in quantitative data is better explained by relative 
quantification (37). Relative gene expression revolves around the notion that 
physiological changes can be assayed by an expression ratio between a reference gene 
and a target gene of interest.  The results from such methods depend largely on the 
reference gene and how the data are normalized. There are a variety of relative 
quantification methods.  The Relative Expression Software Tool (REST) 2005 is software 
that automatically calculates the amount of qRT-PCR product for specific genes relative 
to a reference control gene.   A benefit to this method over other methods is that it allows 
statistical analyses to be performed using randomization tests.  Simple statistical 
randomization tests are tests that use randomly generated numbers for statistical 
inferences.  This software performs 50,000 randomizations and generates a 95% 
confidence interval (CI); (α=0.05), equivalent to two standard deviation intervals.  REST 
2005 takes into account varying amplification efficiencies of primers pairs.  Other 
relative quantification methods assume the amplification efficiency of both the control 
and target molecule primers are the same (55).   
qRT-PCR was performed with rpoB and each csp primer pair using serially 
diluted cDNA.  A starting cDNA concentration of 284 ng/ µL was diluted to 213, 142, 
and 71ng/µL.  Based on standard curves automatically generated after amplification of 
diluted cDNA, the amplification efficiency of the rpoB and each csp primer pair were 
calculated by the RotorGene 2000 Real Time Cycler.  The amplification efficiency for 
rpoB was 0.91 and the efficiency for each of the csp primer pairs was 1.00.  REST 2005 
factored in this difference when performing calculations.   
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REST 2005 accounts for issues of reference gene normalization.  Since rpoB was 
selected as the internal control gene, REST 2005 allowed for analysis of each csp gene 
relative rpoB mRNA accumulation by setting the expression of rpoB to 1.  Normalization 
to rpoB takes cell density into consideration.  Normalization was also done by using a 
specific amount of mRNA during the cDNA synthesis reaction.  Since the expression of 
rpoB is relatively constant along the growth curve, it is assigned a value of 1 during the 
lag, log, and stationary phases. Therefore, it is only represented once on whisker-box 
plots which allow easy comparisons with csp accumulation patterns.    
1.  cspA and cspB mRNA Accumulation Patterns: Cold-shock inducible genes 
Cycle threshold (CT) values are used to determine transcript copy number in qRT-PCR 
studies.  It is defined as the cycle where sample fluorescence exceeds the calculated 
background fluorescence.  CT values are log based mathematical terms that have to be 
converted into a linear scale, therefore, they were not used directly to evaluate expression 
of the csp genes.  REST 2005 converted CT values into a linear form and reported them 
as biologically meaningful relative expression values.  
Table 7 shows the amplification data for cspA.  Overall, each culture 
demonstrated higher amounts of mRNA during the lag and log phases of growth.  A 
dramatic decrease in cspA mRNA was seen during the stationary phase.  The mean CT 
values seem to indicate cspA transcript accumulation during the lag and log phases are 
very similar, with a decrease in accumulation during the stationary phase.  However, 2 of 
3 relative expression values report higher transcript copy numbers when in log phase than 
in lag phase.  The discrepancy between mean CT values and their direct translation to 
actual gene expression is commonly found in quantitative data (32).  cspA transcript 
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peaks at 932 relative expression units higher than rpoB transcript during the log phase of 
SC#2.  By the time the cells enter stationary phase, there is a 25x reduction in cspA 
transcript and the relative expression to rpoB decreases to 36.8. 
 
TABLE 7  cspA Relative mRNA Accumulation Patterns  
 
Culture Phase of  
Growth 
OD600 Mean 
CT
Relative 
Expression 
to rpoB 
Standard 
Error 
95% CI 
2 Lag 0.166 9.54 793 628 - 1,100 357 - 1,230 
2 Log 0.621 9.05 932 513 - 1,660 404 - 2,570 
2 Stationary 2.07 15.3 36.8 22.2 - 58.3 19.3 – 80.7 
3 Lag 0.104 11.9 101 76.1 - 133 68.3 - 141 
 
3 Log 0.722 11.7 155 96.4 - 256 81.5 - 292 
3 Stationary 02.01 18.0 4.43 2.03 - 9.87 1.74 - 11.5 
4 Lag 0.167 18.9 3.25 1.28 - 7.71 1.04 - 11.8 
4 Log 0.716 15.2 0.302 0.125 - 0.825 0.094 - 0.936 
4 Stationary 02.03 16.3 0.146 0.074 - 0.304 0.055 - 0.449 
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Since REST 2005 uses randomization techniques to calculate statistics, it uses 
statistical whisker-box plots to visualize data instead of bar graphs.  While bar graphs 
simply plot the sample mean, whisker-box plots provide information about the 
distribution of values.  For example, a skew in data can be identified by asymmetrical 
tails.  Whisker-box plots were drawn based on the permuted expression data, rather than 
the input of raw CT values.  The area inside the box encompasses 50% of the 
observations.  The dotted line corresponds to the sample median.  The whiskers represent 
the outer 50% of observations.  The whisker-box plot from SC#3 shows a general 
decrease in cspA accumulation as the cells enter stationary phase (Fig. 9)  
 
 
 
Figure 9.  A whisker-box plot showing the expression ratio of cspA  transcript relative to rpoB transcript.    
 
 
Based on amino acid sequence similarity and identity, CspB is the homologous 
protein pair of CspA.  My results show both genes possess similar mRNA accumulation 
patterns, however, cspB appears to be actively transcribed to a lesser degree than cspA 
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(Table 8).  The maximum relative expression to rpoB achieved by this gene is 88.5.  That 
is less than 1/10 of the maximum relative expression of cspA (see Tables 7 and 8).  
 
TABLE 8  cspB Relative mRNA Accumulation Patterns  
 
Culture Phase of  
Growth 
OD600 Mean 
CT
Relative 
Expression 
to rpoB 
Standard 
Error 
95% CI 
2 Lag 0.166 13.5 88.5 60.7 - 143 48.6 - 193 
 
2 Log 0.621 12.4 85.8 42.6 - 144 33.6 - 174 
 
2 Stationary 2.07 18.5 5.56 4.47 - 6.59 4.12 - 8.26 
3 Lag 0.104 14.9 25.9 19.2 - 33.9 16.9 - 42.2 
3 Log 0.722 15.0 25.2 18.6 - 34.3 16.6 - 41.6 
3 Stationary 2.01 20.5 1.19 0.927 - 1.65 0.673 - 2.23 
4 Lag 0.167 20.3 2.73 2.37 - 3.21 2.22 - 3.49 
4 Log 0.716 15.2 0.644 0.577 - 0.786 0.569 - 0.855 
4 Stationary 2.03 18.6 0.150 0.007 - 3.50 0.005 - 5.63 
 
 
 
This difference between cspA and cspB mRNA accumulation is further 
demonstrated upon comparison of the cspA and cspB whisker-box plot scale on the y-
axis.  Inspection of the two SC#3 box plots (derived from the same total RNA and 
cDNA) indicates that cspA transcript accumulates to a higher level than cspB transcripts. 
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A) 
 
 
B) 
  
 
 
Figure 10. A) A whisker-box plot showing the expression ratio of cspA  transcript relative to rpoB 
transcript. (B)  A whisker-box plot showing the expression ratio of cspB  transcript relative to rpoB 
transcript for comparison.  The maximum different expression ratio scale for each gene varies. 
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2. cspG and cspI mRNA Accumulation Patterns: Cold-shock inducible genes 
 
The other cold-shock inducible homologous protein pair is CspG and CspI.  The relative 
accumulation pattern for cspG is similar to the relative mRNA abundances of cspA and 
cspB (Table 9).  There is a significant amount of cspG mRNA present in lag, it increases 
in log, and is dramatically reduced in stationary phase.  cspG mRNA levels are twice as 
high as cspB but 1/8 the levels of cspA. 
TABLE 9  cspG Relative mRNA Accumulation Patterns  
 
Culture Phase of  
Growth 
OD600 Mean 
CT
Relative 
Expression 
to rpoB 
Standard 
Error 
95% CI 
2 Lag 0.166 12.6 181 91.3 - 357 35.8 - 1,060 
2 Log 0.621 11.3 111 86.2 - 141 67.3 - 165 
 
2 Stationary 2.07 21.0 0.801 0.601 - 1.23 0.220 - 1.66 
3 Lag 0.104 15.8 28.9 16.9 - 58.8 3.32 - 70.1 
3 Log 0.722 16.1 62.7 51.8 - 75.5 42.5 - 89.3 
3 Stationary 2.01 22.7 1.70 1.05 - 2.79 0.945 - 4.57 
4 Lag 0.167 22.3 1.30 0.415 - 3.70 0.198 - 14.3 
4 Log 0.716 17.3 0.382 0.101 - 1.50 0.081 - 1.97 
4 Stationary 2.03 18.5 0.900 0.036 - 15.6 0.028 - 21.7 
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cspG mRNA accumulation seems to be approximately the same during the lag and log 
phases of growth and then appears to decrease during the stationary phase (Fig. 11). 
 
 
 
 
Figure 11.  A whisker-box plot showing the expression ratio of cspG transcript relative to rpoB transcript. 
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Similar to the trend seen by the cspA and cspB pair, the accumulation of cspI 
mRNA is dramatically less than that of its pair cspG.  For example, the relative 
expression to rpoB of cspG is 181 during the lag phase of SC#2 but only 10.6 for cspI.  
This comparison is based on mRNA from the same culture and the same phase of growth. 
TABLE 10  cspI Relative mRNA Accumulation Patterns  
 
Culture Phase of  
Growth 
OD600 Mean 
CT
Relative 
Expression 
to rpoB 
Standard 
Error 
95% CI 
2 Lag 0.166 16.7 10.6 5.52 - 18.9 4.06 - 24.3 
2 Log 0.621 13.0 23.8 
 
14.7 - 39.6 10.0 - 53.3 
 
2 Stationary 2.07 20.0 0.710 0.392 - 1.10 0.293 - 2.02 
3 Lag 0.104 14.8 10.2 8.05 - 13.4 6.77 - 14.6 
3 Log 0.722 17.8 2.42 1.68 - 3.25 1.16 - 5.92 
3 Stationary 2.01 21.4 0.731 0.585 - 0.908 0.490 - 1.05 
4 Lag 0.167 14.9 2.47 0.289 - 22.0 0.137 - 28.6 
4 Log 0.716 17.9 0.585 0.192 - 1.57 0.142 - 3.55 
4 Stationary 2.03 21.5 0.134 0.007 - 3.16 0.005 - 4.12 
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The cspI transcript accumulation pattern varies slightly from that of cspG and the other  
 
cold-shock inducible pair.  This accumulation decreases during log phase (Fig. 12). 
 
A)  
 
B) 
 
   
 
 
Figure 12. A) A whisker-box plot showing the expression ratio of cspG  transcript relative to rpoB 
transcript. (B)  A whisker-box plot showing the expression ratio of cspI  transcript relative to rpoB 
transcript for comparison.  
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Based on quantitative data alone, cspA and cspG mRNAs accumulate to a higher 
degree than their homologous gene pair.  One plausible explanation is cspB and cspI are 
duplicated genes ordinarily not transcribed as much when functional copies of cspA and 
cspG are present within the cell.  
3.   cspC & cspE mRNA Accumulation Patterns:  Constitutive expression   
The expression patterns for the constitutive genes were anticipated to be relatively 
constant along the growth curve, as opposed to the decrease in mRNA accumulation 
during the stationary phase demonstrated by the cold-shock inducible genes.  The mRNA 
from both the cspC and cspE genes accumulated to levels higher than those seen for cspA 
(Tables 11 and 12).  The accumulation of cspC mRNA is similar during the lag and 
stationary phases but increases dramatically during log phase (Table 11). 
TABLE 11  cspC Relative mRNA Accumulation Patterns  
 
Culture Phase of  
Growth 
OD600 Mean 
CT
Relative 
Expression 
to rpoB 
Standard 
Error 
95% CI 
2 Lag 0.166 12.1 3,550 2,120 - 7,080 841 - 11,700 
2 Log 0.621 7.98 73,500 
 
17,000 - 
570,000 
4,580 - 1,150,000 
2 Stationary 2.07 12.5 4,000 2,500 - 6,240 1,880 - 7,790 
3 Lag 0.104 15.7 26.6 22.2 - 33.1 19.8 - 37.6 
3 Log 0.722 11.9 365 289 - 460 196 - 561 
3 Stationary 2.01 11.9 6,110 942 - 53,900 169 - 69,500 
4 Lag 0.167 12.8 18.0 10.3 - 29.2 
 
6.96 - 39.8 
 
4 Log 0.716 7.83 2,820 2,240 - 3,640 
 
1,820 - 3,930 
4 Stationary 2.03 19.0 5.15 3.660 - 6.310 3.37 - 6.95 
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The relative expression values for cspC and cspE were much greater than any of 
the cold-shock inducible csp genes.  Consequently, these two constitutively expressed 
genes could not be represented by REST 2005 generated whisker box-plots because their 
values far exceeded the software programs defined y-axis.  Instead bar graphs were 
constructed independently of the software to display SC#2 data (Fig. 13 and 14).   
 
cspC  Expession Pattern for SC#2
0
10000
20000
30000
40000
50000
60000
70000
80000
1 2 3
Ex
pr
es
si
on
 R
at
io
 
 
             Lag                                    Log                            Stationary 
Figure 13.  A bar graph showing the expression ratio of cspC transcript from SC#2 with the expression of  
rpoB transcript set to 1.  
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Based on 2 of 3 cultures, it appears the accumulation of the cspE gene product  
 
increases during log phase.  This strongly correlates to the trends seen with cspC (Tables  
 
11 and 12). 
 
TABLE 12 cspE Relative mRNA Accumulation Patterns  
 
Culture Phase of  
Growth 
OD600 Mean 
CT
Relative 
Expression 
to rpoB 
Standard 
Error 
95% CI 
2 Lag 0.166 10.8 1,290 867 - 1,920 718 - 2,190 
2 Log 0.621 6.44 8,140 
 
5,850 - 11,200 5,290 - 15,600 
2 Stationary 2.07 10.4 2,890 2,460 - 3,300 2,260 - 4,330 
3 Lag 0.104 10.6 185 110 - 314 86.2 - 520 
 
3 Log 0.722 9.60 1,080 519 - 2,060 451 - 3,380 
3 Stationary 2.01 9.97 1,140 620 - 2,160 351 - 2,600 
4 Lag 0.167 34.8 32.2 
 
23.3 - 43.1 
 
15.7 - 62.5 
 
4 Log 0.716 28.9 71.6 28.1 - 252 
 
19.3 - 309 
 
4 Stationary 2.03 31.4 43.4 24.7 - 63.9 22.6 - 65.9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 45
Like the accumulation of cspC transcript from the same culture, the accumulation of cspE  
 
mRNA during the log phase of SC#2 is significantly higher (≈4x) than lag and stationary  
 
phases (Fig.14).   
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Figure 14.  A bar graph showing the expression ratio of cspE  transcript from SC#2 assuming the 
expression of  rpoB transcript is 1.  
 
 
4.  cspD mRNA Accumulation Patterns: Stationary phase induced 
 
cspD was expected to show an increase of mRNA accumulation during stationary phase 
because it has been reported to be induced during the stationary phase (59).  This is 
opposite the decrease in transcript when entering stationary phase demonstrated by cold-
shock inducible csp and the descent back to basal level after log phase by the 
constitutively expressed genes.  Interestingly, REST 2005 analysis reports cspD 
expression was increased primarily during the log phase of growth (Table 13). 
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TABLE 13 cspD Relative Expression Patterns 
 
Culture Phase of  
Growth 
OD600 Mean 
CT
Relative 
Expression 
to rpoB 
Standard 
Error 
95% CI 
2 Lag 0.166 19.6 1.28 0.972 - 1.71 0.726 - 2.46 
2 Log 0.621 16.6 3.42 2.20 - 5.26 1.90 - 6.06 
 
2 Stationary 2.07 17.6 2.47 0.678 - 9.18 0.460 - 10.4 
3 Lag 0.104 20.8 1.26 0.826 - 1.96 0.710 - 2.26 
3 Log 0.722 21.0 2.67 2.24 - 3.17 1.92 - 3.73 
3 Stationary 2.01 23.0 1.04 0.233 - 4.10 0.185 - 4.75 
4 Lag 0.167 28.2 0.000 0.000 - 0.003 0.000 - 0.009 
4 Log 0.716 19.4 0.173 0.147 - 0.205 0.126 - 0.236 
4 Stationary 2.03 15.9 0.022 0.014 - 0.033 0.007 - 0.060 
 
The expression ratio of cspD is similar to rpoB during the lag phase.  However, during  
 
the log phase expression levels increase ≈2x (Fig. 15). 
 
 
 
Figure 15. A whisker-box plot showing the expression ratio of cspD  transcript relative to rpoB transcript. 
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5.  cspF & cspH mRNA Accumulation Patterns: Mechanism of induction     
unknown 
 
The mechanism of induction for cspF and cspH is unknown. The fact that they exist  
 
without a known function or understanding of their expression poses intriguing questions  
 
concerning this homologous pair.  Relative to the other 6 csp genes, cspF, cspH, and  
 
cspD are expressed the least under normal conditions (Tables 14 and 15). 
 
TABLE 14 cspF Relative mRNA Accumulation Patterns 
 
Culture Phase of  
Growth 
OD600 Mean 
CT
Relative 
Expression 
to rpoB 
Standard 
Error 
95% CI 
2 Lag 0.166 15.6 10.0 7.47 - 15.2 3.26 - 18.8 
2 Log 0.621 15.1 4.18 
 
2.50 - 6.74 
 
1.01 - 8.17 
 
2 Stationary 2.07 21.6 0.228 0.165 - 0.306 0.130 - 0.364 
3 Lag 0.104 18.1 1.26 0.782 - 2.06 0.201 - 6.27 
3 Log 0.722 18.4 2.79 1.92 - 4.09 1.59 - 5.44 
3 Stationary 2.01 21.9 0.616 0.422 - 0.856 0.355 - 1.01 
4 Lag 0.167 25.3 0.297 0.008 - 39.7 
 
0.000 - 306 
4 Log 0.716 21.3 8.818 
 
0.087 - 404 
 
0.0030 - 3,360 
 
4 Stationary 2.03 18.1 1.674 1.06 - 2.51 0.956 - 2.82 
 
 
 
 
 
 
 
 
 
 
 
 
 48
As shown by this SC#2 box plot, the mRNA accumulation of cspF is very close to that of  
 
rpoB (Fig. 16).   
 
 
 
 
Figure 16. A whisker-box plot showing the expression ratio of cspF  transcript relative to rpoB transcript. 
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After performing REST analysis on the final csp in question, it seemed cspH was barely  
 
expressed at all (Table 15). 
 
TABLE 15 cspH Relative mRNA Accumulation Patterns  
 
Culture Phase of  
Growth 
OD600 Mean 
CT
Relative 
Expression 
to rpoB 
Standard 
Error 
95% CI 
2 Lag 0.166 18.3 4.17 2.79 - 5.51 2.43 - 14.5 
2 Log 0.621 16.4 2.46 2.00 - 2.96 
 
1.72 - 4.35 
 
2 Stationary 2.07 21.3 0.393 0.249 - 0.699 0.197 - 1.00 
3 Lag 0.104 20.3 0.640 0.494 - 0.779 0.442 - 1.28 
3 Log 0.722 20.0 0.975 0.798 - 1.25 0.491 - 1.47 
3 Stationary 2.01 22.5 0.638 0.440 - 0.870 0.361 - 1.45 
4 Lag 0.119 21.8 0.036 
 
0.027 - 0.045 
 
0.024 - 0.049 
 
4 Log 0.772 24.5 0.006 0.000 - 0.537 
 
0.000 - 0.622 
 
4 Stationary 2.20 15.2 0.040 0.024 - 0.071 0.014 - 0.085 
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In SC#2, cspH expression was actually shown to be less than rpoB (Fig. 17). 
 
 
 
Figure 17.  A whisker-box plot showing the expression ratio of cspH  transcript relative to rpoB transcript.  
 
6.  csp Expression Pattern Summary    
 
The accumulation patterns of homologous csp gene pairs (A/B, G/I, C/E, and F/H) were 
most similar to each other and according to mechanism of induction.  By analyzing the 
expression patterns of all 4 cold-shock inducible genes, cspA and cspG showed the most 
mRNA accumulation (Fig 18).   
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Figure 18.   A bar graph depicting relative expression of all four cold-shock inducible csp genes along the 
E. coli growth curve.  rpoB is included for comparison.   
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cspA accumulates the most under normal physiological conditions, especially during the 
lag phase.  The maximal expression ratio of cspB, cspG and cspI are all under 80 
expression units.  cspI expression is least of the four.  
In regards to the constitutively expressed genes, cspC had much higher 
accumulation levels than cspE (Fig 19).  Both seemed to follow the same pattern of 
accumulation; similar basal levels during the lag and stationary phases with an increase 
during log phase.  
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Figure 19.  A bar graph depicting relative expression of the two constitutively expressed csp genes along 
the E. coli growth curve.     
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The cspD, cspF, and cspH mRNA accumulate at relatively low levels under normal 
conditions.  However, cspD transcript seems to accumulate beginning with log phase, not 
stationary. 
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Relative Expression of cspF and cspH
Figure 20.  (A) A bar graph depicting relative expression of cspD along the E. coli growth curve. (B) A bar 
graph depicting relative expression of cspF and cspH along the E. coli growth curve. rpoB is included as a 
frame of reference for comparison.   
 
 
Overall, I found cspC, cspE, and cspA transcript accumulated to the highest degree.   
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E. Melt Curve Analysis 
To date the majority of amplification products from quantitative experiments are 
detected by either DNA hybridization probes, called molecular beacons, or DNA-binding 
dyes.  Melting characteristics have to be determined for each molecular beacon before 
being used for quantitative analysis.  I detected qRT-PCR products from my assays using 
SYBR Green I, an alternative to using DNA hybridization probes.  Assays using DNA-
binding dyes rely on the detection of a fluorescent dye when bound to DNA.  Unbound 
SYBR Green I fluoresces little when free in solution.  However, during elongation it 
intercalates newly synthesized double-stranded DNA.  One drawback is SYBR Green I 
indiscriminately binds any double-stranded DNA encountered.  This promiscuity leads to 
the detection of primer dimers, contaminating DNA, and PCR products due to 
nonspecific binding.  Specificity is dependent entirely on the primers.   
The affordability of the DNA-binding dye and ease of generating melting curves 
for amplification products are the major benefits to this detection method.  Careful 
inspection of melting peaks characterize desired target and distinguish it from 
amplification artifacts .  Melt curves were consulted to visualize the dissociation kinetics 
of amplified csp products.  Melt curve analysis confirmed only single peaks were 
produced for cspA - cspI gene products for both trials of SC#2, SC#3, and SC#4.  This 
ruled out the amplification of any contaminating genomic DNA.  The presence of any 
contaminant would have resulted in a separate peak than that of the specific csp amplicon 
(Figure 21). 
 
 
 
 54
(A)  
 
cspC-lag 
cspC-log 
cspC-stationary 
(B) 
Average csp  Dissociation Temperatures
81
82
83
84
85
86
87
88
1
Te
m
pe
ra
tu
re
 (C
)
cspA cspB cspC cspD cspE cspF cspG cspH cspI
 
Figure 21.  (A). A representative melt curve for cspC-SC#3 Trial 1 shows a single peak is achieved 
regardless of growth phase.   Similar curves were produced for every csp trial. (B) The average dissociation 
temperature for each csp trial is plotted.  Each trial is composed of 5 independent replicates for the lag, log, 
and stationary phases of growth, respectively.   The standard error of the mean was calculated using the 
formula (SD/√N). N = the number of independent replicates. 
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IV. DISCUSSION 
 
This project undertook a quantitative approach to answer questions about mRNA 
abundances from each member of the csp gene family.  I found 3 of the 9 csp gene 
products in E. coli K12 are most prevalent.  My results show cspC mRNA was the most 
abundant of all 9 csp transcripts assayed, which suggests CspC has a major role in the 
cell under normal conditions.  The homologous gene cspE was the second most abundant 
molecule along the growth curve.  The accumulation of cspE transcript lends support to 
my hypothesis that CspE has in vivo importance as well.  Both of these proteins are 
involved with chromosome condensation which is critical for bacterial cell survival.  The 
similarity between results from these two genes were interesting because they have the 
highest amino acid identity and similarity of all the Csp proteins pairs (Table 2).  
Previous research reports CspA is present to a considerable degree in E. coli under non-
stress conditions (4).  I found cspA mRNA to be the third most abundant transcript.  The 
only other csp mRNA to have a marked increase was cspD transcript during log phase 
(Fig. 14). 
When my qRT-PCR data is compared to microarray data from the Blattner 
laboratory many of the same gross trends are seen.  They found cspC, cspE, and cspA to 
be amongst the most abundant transcripts and an increase of cspD transcript during the 
log phase (Fig. 22).  However, there are many differences in relative accumulation 
patterns between growth phases.  The most noticeable of variation is microarray data 
showing cspD mRNA was the most abundant of all transcripts during log phase (Fig. 22).  
I found cspC mRNA to be most abundant.  The discrepancy could be due to the stability 
of the cspD transcript in my preparations or false positive results by microarray analysis. 
 56
Affymetrix GeneChip® Array csp Absolute mRNA Expression 
Patterns*
0
10
20
30
40
50
60
70
80
90
Lag Log Stationary
Tr
an
sc
rip
t C
op
y 
#
cspA
cspB
cspC
cspD
cspE
cspF
cspG
cspH
cspI
 
* http://www.genome.wisc.edu/functional/microarray.htm 
Figure 22.  Line graph of Blattner Laboratory estimated transcript copy number of each csp gene.  
 
 
Microarray data mimics my established mRNA abundance trend for cspE.  An increase in 
transcript is seen during log phase, followed by a decrease during stationary phase back 
to a comparable level with cspE lag transcript.  Initially cspC microarray data follows my 
established trend for constitutively expressed csp genes, however, instead of decreasing 
during stationary phase they report a steady and gradual increase (Fig. 22).  qRT-PCR 
found cspA to increase during the log phase then decrease during stationary phase.  
Microarray data reports the inverse.  According to the Blattner Laboratory’s results, cspA 
mRNA expression increases only during stationary phase.  The overall agreement 
between my 54 qRT-PCR assays and 41 Affymetrix GeneChip® Arrays performed by 
the Blattner Laboratory lends confidence to my results.  I have established the normal 
 57
expression patterns of the 9 csp genes in E. coli K12.  The success of this study was due 
to careful experimental design.  Before performing this large-scale qRT-PCR study, I had 
to consider many technical issues and many preliminary experiments were carried out. 
qRT-PCR: Basic Considerations 
Current mRNA quantification research relies on five commonly used methods; 
Northern blotting, in situ hybridization, RNAse protection assays, reverse transcription 
polymerase chain reaction (RT-PCR), and cDNA microarrays (5).  One unifying 
drawback from the first three is their low sensitivity.  cDNA microarray analysis allow 
the ability to perform experiments on a global scale but at a compromise to technical 
sensitivity.  By far the most sensitive technique is RT-PCR (65). 
When RT-PCR is coupled with some type of reporter molecule it becomes an even more 
powerful quantification tool.  I chose the qRT-PCR technique because it requires minimal 
sample to furnish reliable results. This assay is based on the detection of a fluorescent 
reporter molecule that increases as PCR product accumulates with each cycle of 
amplification.  It doesn’t require post-amplification handling, which reduces the 
incidence of product sample contamination. 
Consideration #1- Priming during reverse transcription 
The first step in qRT-PCR process is the generation of cDNA, followed by 
amplification of the resultant fragment.  Differential priming of total cellular RNA needs 
to be the initial consideration when designing reverse transcription experiments.  The 
utilization of specific or non-specific primers will ultimately affect how many target 
molecules are recovered from the initial RNA isolation.  In an eukaryotic system, 
oligo(dT)20 or gene-specific primers can be used to anneal to mRNA transcripts.  Since 
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bacteria lack long polyadenylated tails the prior cannot be used.  By contrast, prokaryotic 
cDNA synthesis methods typically rely on the use of random hexamers.  Random 
hexamers were used for every cDNA synthesis reaction I performed.  Theoretically, these 
primers contain 46 different combinations of hexamer sequences, thus maximizing the 
amount of cDNA synthesized. One study showed that the total mRNA copy numbers 
recovered with random hexamers is approximately 5x greater than those obtained with 
sequence specific primers (65). 
Another consideration when performing cDNA synthesis is the slight possibility 
of random priming by cellular RNAs (14).  It has been demonstrated total RNA 
preparations possess the ability to self-prime via small RNA fragments.  Even when 
purified from a variety of reverse transcriptase sources and different RNA isolation 
methods were examined this phenomenon still occurred.  This suggests the production of 
cDNA templates due to self-priming RNAs is a systematic problem inherent to the 
reverse transcription reaction with total RNA.  The sensitivity of this technique can be 
increased even further by adding specific primers to the RT-PCR reaction (5, 14).   
The current study circumvents the amplification of cDNA primed by small RNA 
barrier by adding specific primers for each csp mRNA during amplification at the 
quantitative PCR step.  This precaution increased the sensitivity of the assay by ensuring 
only specific cDNAs were amplified.  Specificity was verified by melt curve analysis of 
qRT-PCR products and polyacrylamide gel electrophoresis. 
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Consideration #2- Amplicon design 
All csp amplification products were no longer than 115 bp.  Shorter amplicons are better 
at withstanding reaction conditions and amplify more efficiently than longer ones.  Two 
key factors contribute to their more successful amplification.  First, a higher likelihood of 
denaturation lower than 95°C is present which facilitates better primer hybridization.  
Secondly, the short polymerization time of Taq polymerase (30-70 bp/second) decreases 
the chances of amplifying contaminating genomic DNA.  This risk was further decreased 
by treatment of all total RNA preparations used in this work with DNAse I.  Since Taq 
polymerase does not discriminate between genomic and cDNA, PCR was performed 
using total RNA after DNAse I treatment as a template.  Lack of amplification ensured no 
contaminating DNA was present (data not shown). 
Consideration #3- Relative versus Absolute Quantification 
When analyzing quantitative data, two approaches can be taken depending on 
what experimental questions are being asked.  If the elucidation of exact copy numbers 
are desired then an absolute quantification method must be employed.  Such methods 
require the generation of a standard curve, based on serial dilutions of cDNA, for each 
gene of interest and each housekeeping gene (54).  This method requires many standard  
 
curves to be generated which becomes expensive and time consuming when performing  
 
many reactions.  Relative quantification methods, such as REST 2005, allow high- 
 
throughput analysis for examining many genes at once. 
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V. FUTURE DIRECTIONS 
 
Previous work in the Trun lab found Csp homologues grouped into four pairs 
based on amino acid sequence identity and similarity.  With that understanding I 
elucidated  normal expression patterns for each member of the csp family.  The newly 
established patterns serve as excellent controls for future experiments.  After performing 
physiological experiments, such as administering a cold-shock, the expression of each 
csp can be easily compared.  Another interesting avenue for exploration is deletion 
mutant studies.  Each csp can be deleted individually to further understand their 
regulation.  To date, no one has systematically deleted each csp gene and checked the 
expression of the other 8 homologues.  Multiple deletion strains would answer many 
interesting questions.  The construction of a ∆cspBIF strain could help prove if these 
genes are essential or not.  This nonessential theory is further supported by the fact the 
pathogenic E. coli 0157 strain and the close relative Salmonella typhimurium contain 
cspA, cspC, cspD, cspE, cspG, and cspH with the omission of cspB, cspI, and cspF.  
Another interesting deletion strain would be ∆cspBIFE and ∆cspBIFEG .The cspE gene 
should be removed from the system because of its gene product’s strong suspected 
functional and confirmed sequence redundancy to CspC.  The cspG gene should be 
removed from the E. coli K12 genome because CspG is cold-shock inducible.  That 
mechanism of induction is already provided by CspA.  These deletions can address the 
question, “What is the minimal number of csp genes that are sufficient for growth in E. 
coli K12?”  Comparing induction rates and relative abundance of each csp mRNA in the 
deletion strains, with my established wild-type patterns, can determine if the remaining 
genes will compensate for the loss of deleted csp genes. 
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